How motor skills are stored in the nervous system represents a fundamental question in neuroscience. Although musical motor skills are associated with a variety of adaptations [1] [2] [3] , it remains unclear how these changes are linked to the known superior motor performance of expert musicians. Here we establish a direct and specific relationship between the functional organization of the corticomuscular system and skilled musical performance. Principal component analysis was used to identify joint correlation patterns in finger movements evoked by transcranial magnetic stimulation over the primary motor cortex while subjects were at rest. Linear combinations of a selected subset of these patterns were used to reconstruct active instrumental playing or grasping movements. Reconstruction quality of instrumental playing was superior in skilled musicians compared to musically untrained subjects, displayed taxonomic specificity for the trained movement repertoire, and correlated with the cumulated long-term training exposure, but not with the recent past training history. In violinists, the reconstruction quality of grasping movements correlated negatively with the long-term training history of violin playing. Our results indicate that experience-dependent motor skills are specifically encoded in the functional organization of the primary motor cortex and its efferent system and are consistent with a model of skill coding by a modular neuronal architecture [4] .
How motor skills are stored in the nervous system represents a fundamental question in neuroscience. Although musical motor skills are associated with a variety of adaptations [1] [2] [3] , it remains unclear how these changes are linked to the known superior motor performance of expert musicians. Here we establish a direct and specific relationship between the functional organization of the corticomuscular system and skilled musical performance. Principal component analysis was used to identify joint correlation patterns in finger movements evoked by transcranial magnetic stimulation over the primary motor cortex while subjects were at rest. Linear combinations of a selected subset of these patterns were used to reconstruct active instrumental playing or grasping movements. Reconstruction quality of instrumental playing was superior in skilled musicians compared to musically untrained subjects, displayed taxonomic specificity for the trained movement repertoire, and correlated with the cumulated long-term training exposure, but not with the recent past training history. In violinists, the reconstruction quality of grasping movements correlated negatively with the long-term training history of violin playing. Our results indicate that experience-dependent motor skills are specifically encoded in the functional organization of the primary motor cortex and its efferent system and are consistent with a model of skill coding by a modular neuronal architecture [4] .
Results and Discussion
Skillful instrumental playing movements are prototypical examples of highly complex finger movements. To reach international performance levels, it requires a cumulated training time in excess of 10,000 hr [5] . We studied two different examples of instrumental playing, violin playing and piano playing, to quantitatively examine the magnitude of their deviation from our daily repertoire. A large deviation from the daily movement repertoire would indicate that their generation poses an extra challenge for the nervous system. We compared grasping movements as a prototypical example of daily movements with violin playing in a group of nine skilled violinists (years of intensive practice, 8.7 6 4.9 yrs, see Experimental Procedures) and with piano playing in a group of six skilled pianists (years of intensive practice, 9.8 6 4.7 yrs). Because violin playing imposes high demands on the coordination particularly of the left fingers (including the thumb) [6] , we recorded movements of left-hand fingers during the playing of standard musical compositions (see Figure 1A ) in violinists. For comparison with violinists, finger movements were recorded in the left hand also of the pianists. Grasping movements were recorded in violinists and in 17 matched nonmusicians while subjects performed pantomimed grasps to a variety of different visualized objects [7, 8] with the left hand (see Figure 1B) .
We used hierarchical cluster analysis to quantify the complexity and variability of hand postures adopted during the movements. For each subject, we grouped similar postures together into posture groups (group members had a maximum dot product of 0.1 to each other) and divided the number of obtained groups by the number of postures to obtain a variability index [8] .
One-way analysis of variance (ANOVA) ''posture group'' (violin playing, piano playing, violinists' grasping, nonmusicians' grasping) revealed a significant difference between variability indices of different posture groups (F(3, 36) = 7.53, p < 0.001). Post hoc t testing using preplanned contrasts revealed similar (p = 0.508) variability of grasping between violinists (0.12 6 0.03) and nonmusicians (0.11 6 0.03), whereas violinplaying movements showed higher variability (0.14 6 0.04) as compared to grasping of violinists (p = 0.018, two-tailed paired t test, significant after false discovery rate correction [FDRC]) or nonmusicians (p = 0.009, significant after FDRC).
Variability of piano-playing movements (0.18 6 0.06) appeared to be similar to violin-playing movements (p = 0.153) and was higher than the variability of grasping (both nonmusicians and violinists, p < 0.015). Analysis of the movement patterns using principal component analysis (see Supplemental Data and Figure S1 available online) confirmed that violin and piano playing represent motor behaviors that may be more challenging to generate than grasping movements.
Numerous studies have shown that learning musical motor skills is accompanied by functional and structural adaptations of the nervous system [1] [2] [3] 6] . We used transcranial magnetic stimulation (TMS), a painless and noninvasive stimulation technique, to address the question of how the organization of the primary motor cortex and its output system is related to the kinematics of the acquired motor skill. TMS induces an electric current in the brain by a rapidly changing magnetic field. The induced current preferentially stimulates neurons in the primary motor cortex presynaptic to corticospinal output cells [9] . Therefore, output patterns following TMS are dependent on synaptic strengths (including intracortical neuronal connections) and/or tonic neural activities within primary motor cortex and its efferent corticospinal system. The motor cortical output was mapped in the absence of voluntary muscle activity by recording finger movements evoked by TMS (Figure 2A) . Magnetic stimulation over the motor cortex results in small finger twitches that return to the baseline position within w100 ms ( Figure 2A ) [8] .
Stimulation intensity to evoke movements (violinists: 41.5% 6 6.1%, pianists: 40.6% 6 0.04%, nonmusicians: 39.1% shows some randomly selected finger postures from a nonmusician, a violinist, and a pianist).
We further investigated the joint correlation patterns underlying TMS-evoked movements using principal component analysis (see Supplemental Experimental Procedures). This procedure allows the detection of couplings of different joint motions. Such joint correlation patterns may originate from any part of the corticomuscular system. However, demonstration that joint correlation patterns are related to specific movement repertoires would support a neuronal origin. The loadings of the principal components (termed PCs) were extracted from the static postures defined by all joint angles at the time of maximal summed joint excursion [8] of each evoked movement ( Figure 2A , middle dashed line). Although in most subjects the first PC described an opening and closing of the hand ( Figure 2C ), the higher-order PCs appeared to be more variable across subjects. In agreement with previous results [8] , more than 90% of the variance of TMS-evoked movements could be explained by four PCs (termed ''TMS-PC4''; Figure 2D ). This was true, similarly, for violinists (91.7% 6 4.0%), pianists (92.8% 6 4.7%), and nonmusicians (93.0% 6 4.0%, F(2, 29) = 0.28, p = 0.756). It thus appears that this limited subset of PCs contains information about the statistical structure common to the entire set of evoked movements. The subsequent analysis, therefore, was focused on this set of four PCs. We examined whether motor skills are directly related to the movement space spanned by the four PCs explaining most of the variance. Based on previous observations [8] , we hypothesized that these joint covariation patterns may be likened to building rules of voluntary movements. Consequently, we reconstructed voluntary movements by linear combinations of PCs from nonoverlapping subjects. We found that the reconstruction quality of the time course of violin-playing movements ( Figure 3A ) by linear combinations of TMS-PC4 from violinists (R = 0.69 6 0.09) was higher than in nonmusicians (R = 0.64 6 0.09, p < 0.001, Figure 3B) . Similarly, the reconstruction quality of the time course of piano-playing movements was significantly (p = 0.027) higher when taking TMS-PC4 from pianists (R = 0.74 6 0.06) rather than from nonmusicians (R = 0.70 6 0.07).
This finding indicates that the PCs explaining most of the data variance are adapted to the learned motor skill. As a consequence, fewer TMS-PCs from violinists or pianists than from nonmusicians would be needed to generate violinor piano-playing movements with the same accuracy, consistent with the notion of an increased neural efficiency in expert performers [10, 11] . Furthermore, the results were robust across two alternative factorization techniques (see Supplemental Data).
The time course of violinists' grasping movements could be reconstructed by TMS-PCs at a higher reconstruction quality compared to violin-playing movements, no matter whether TMS-PCs were taken from violinists (R = 0.76 6 0.09), pianists (R = 0.76 6 0.09), or nonmusicians (R = 0.76 6 0.10; Figure 3C ). (Reconstruction of grasping movements from nonmusicians led to similar results in all groups; data not shown.) This likely reflects the lower complexity of grasping movements as compared to violin-or piano-playing movements. Therefore, the representation of features of the learned repertoire in TMS-PC4 from expert performers did not generally affect the ability to represent structural features of grasping movements.
Because, by design, none of the musicians had practiced on the day of the experiment, short-term training effects cannot be causative for superior reconstruction quality by musicians' TMS-PC4. We calculated Pearson's correlation coefficients between reconstruction quality and different timing aspects of the individual history of musical training. The mean reconstruction quality of violin playing correlated with the number of years of intensive practice (R = 0.80, p = 0.010, Figure 3D , black) and remained significant (R = 0.72, p = 0.042) even after removing the age of commencement of musical training (at an age of 6.1 6 1.6 yrs) as covariate. In contrast to the long-term training history, neither the duration of practice on the day before the measurement (3.3 6 2.0 hr, R = 20.19, p = 0.635) nor the mean duration of daily practice during the week before the measurement (3.7 6 1.4 hr, R = 20.37, p = 0.329) correlated significantly with the reconstruction quality. Although the reconstruction quality of grasping movements was not different from nonmusicians, it was inversely correlated to the number of intensive practice years (R = 20.80, p = 0.009, Figure 3D , red) in violinists. This may suggest that adaptation to playing violin might come at a cost of efficiently representing structural properties of grasping movements (although too subtle to be visible in the average reconstruction). The somewhat higher reconstruction quality of grasping movements in violinists with a small number of intensive training years compared to the mean reconstruction of nonmusicians could indicate that musicians who enter a professional career tend to exhibit particularly dexterous finger movements [12] .The resulting reciprocal relationship of reconstruction quality of violin-playing and grasping movements (R = 20.75, p = 0.019, Figure 3E ) in reference to the long-term training history suggests that the adaptation of the PCs is the result of intensive musical training rather than early initiation of musical training [13] or advantageous mechanical properties of the hand in the violinist group [14] . The reconstruction quality of piano-playing movements using TMS-PC4 from pianists similarly did not correlate with the daily practice during the week (R = 20.10, p = 0.853) or day (R = 20.49, p = 0.325) before the experiment, but rather with the number of intensive training years (R = 0.85, p = 0.031). However, in contrast to the situation with the violinists, there was no relationship with respect to the reconstruction grasping movements (R = 0.42, p = 0.406), possibly because the pattern underlying piano-playing movements appeared to be similar to grasping movements (see Supplemental Data).
Hand length and hand circumference as anthropomorphic measures were similar in violinists, pianists, and nonmusicians (ANOVA(length): F = 0.13, p = 0.878; ANOVA(circumference): F = 1.33, p = 0.282).
We used two different approaches to investigate the specificity of reconstruction ability of TMS-PC4. First, in four of the nine violinists, TMS-evoked finger movements of the right hand were recorded. The quality of reconstruction of lefthanded violin-playing movements was then compared in each subject using TMS-PC4 from the left and the right hand. In all four (right-handed) subjects, the reconstruction quality was better with TMS-PC4 from the left hand (mean reconstruction quality difference: 0.05 6 0.03). This indicates that the adaptation displays specificity for the training hand ( Figure 4A) . Second, to address the taxonomic specificity of trainingrelated differences in motor representation across different motor skills, we compared the reconstruction quality of violin and piano playing using TMS-PC4 from either violinists or pianists. A two-way ANOVA ''instrumental performance reconstruction'' (violin playing, piano playing) and ''instrumental education'' (violin training, piano training) as main factors revealed a generally superior reconstruction quality of pianoplaying movements as compared to violin-playing movements (''instrumental performance reconstruction'': F(1,192) = 18.49, p < 0.001). This may indicate that piano-playing movements are easier to generate than violin-playing movements and underlines the importance of task-related features [15] in the movement patterns recorded from voluntary movements (see also Supplemental Data). However, for reconstruction of either piano-playing movements or violin-playing movements, TMS-PC4 led to the best reconstruction quality if the subject's instrumental education matched the class of the reconstructed playing movements (''instrumental performance reconstruction'' by ''instrumental education'': F(1,192) = 14.22, p < 0.001, Figure 4B ): TMS-PC4 obtained from violinists led to better reconstruction of violin playing (R = 0.69 6 0.09, see above) movements compared to those from pianists (R = 0.63 6 0.11, p < 0.001), whereas pianists' TMS-PC4 performed better (R = 0.74 6 0.06) in reconstruction of piano playing compared to violinists' TMS-PC4 (R = 0.70 6 0.06, p = 0.029). Finally, we investigated whether this specificity for the taxonomic class of skilled movements could be explained by differences in repetition frequency of finger movements. Although maximum rate of finger tapping differed between musicians (5.0 6 0.6 taps/s) and nonmusicians (4.6 6 0.6 taps/s, p = 0.033), it did not differentiate violinists (5.0 6 0.7 taps/s) from pianists (5.1 6 0.3 taps/s, p = 0.666), in accordance with previous results [16] .
Taken together, the present results appear to establish the most direct evidence to date linking motor system organization directly and specifically to a learned motor skill. Our results indicate that long-time motor learning triggers a highly specific change of the organization of the corticomuscular system, which incorporates an abstract representation of the kinematic structure of the motor skill. The capacity of the motor cortex to encode task-relevant muscle combinations [17] [18] [19] or a kinematic memory of recently practiced movements [20] has been demonstrated in motor tasks utilizing highly constrained training movements-quite distinct from the complex and highly variable movements underlying skilled musical performance. Despite the wide range of voluntary movements that needed to be reconstructed from PCs, the reconstruction of skilled movements was superior in subjects who were proficient in this skill. Thus, the information inherent in the PCs represents a generalization across a behavioral repertoire, the key property of a mechanism for encoding skill [4] . During years of training, the motor system has extracted building rules for the motor skill, a process whose result is evident in the most prominent joint correlation patterns underlying TMS-evoked movements. We consider it unlikely that the adaptation of TMS-PC4 to the skill is entirely due to biomechanical alterations in unrecorded variables such as joint motion or force-length relationship of individual muscles because of the high specificity of adaption in selected movement repertoires. Although task-specific biomechanical adaptations remain a theoretical possibility, we consider it more likely that building rules have been extracted into corticospinal neuronal ensembles. This process may depend on creating sets of neurons connected by synapses that survive constant competition for long-lasting modifications of their efficacy [18, 21] .
Although the first PC extracted from TMS-evoked movements (this study and [8] ) resembles a natural movement pattern present during the motor development and after stroke, it is possible that PCs may not directly map onto distinct anatomical entities. Furthermore, activation of different, possibly overlapping neuronal networks might have contributed to a single PC. Therefore, the findings are consistent with evidence of complex and diverse neuronal connections [22, 23] that, nevertheless, appear to obey linearity principles in terms of muscle and movement outputs [24] . The representation of motor skills in a subset of all possible joint correlation patterns and the reciprocal relationship between reconstruction quality of violin playing and pantomimed grasping indicate that voluntary finger movements may be controlled in an integrated fashion by a limited number of centrally represented elements. Therefore, in addition to providing direct evidence for the storage of skills in the motor cortex and its efferent corticomuscular projections, our findings are also consistent with the notion of a modular architecture of the motor system [4, 25, 26] . Acquisition and execution of a skilled motor task such as musical performance require the coordinated participation of a number of structures in the motor hierarchy [2, 6, 27, 28] . We found that important aspects of acquired musical motor performance skills can be identified already in the primary motor cortex and its output system, a surprisingly distal part of the motor system. This observation would seem to be best compatible with a model in which muscle combinations arise through a practice-related neuronal activity, i.e., a bottom-up process, rather than by a topdown process that likely would be more distributed.
The present findings may point to a mechanism that enables the nervous system to extract building rules from practice and allows for energetically optimized generation of future behavior-a storage device for skill.
Experimental Procedures
Experiments were performed after obtaining ethics committee approval and written informed consent from 15 neurologically normal, right-handed skilled musicians, nine violinists and six pianists (three males, age 25.9 6 2.6 yrs). The instrumental education and training history were assessed by a questionnaire. In particular, the age of commencement of musical playing, the elapsed years since musicians had trained regularly >2 hr per day (termed ''years of intensive practice''), and the mean training duration during the week and on the day before the measurements were assessed. Musicians were instructed not to train on the day of the experimental assessment. Seventeen neurologically normal right-handed participants (four males) matched for age (24.8 6 3.8 yrs) served as the control group (''nonmusicians''). Some (6 of 17) of the controls had previously learned to play a musical instrument with training intensity of considerably less than 1 hr per day at any time period. At the time of the data assessment, no member of this group actively practiced anymore (playing was stopped 8.5 6 3.4 yrs beforehand).
Before choosing an appropriate statistical test, all relevant data were tested for normal distribution by a Pearson D'Agostino test. Comparisons of two groups were performed with two-tailed unpaired t tests unless indicated otherwise. All values in the text are represented as mean 6 standard deviation unless indicated otherwise.
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Supplemental Information includes Supplemental Data, Supplemental Experimental Procedures, and one figure and can be found with this article online at doi:10.1016/j.cub.2010.09.045. Comparison of reconstruction quality of violin and piano exercises of TMS-PC4 from violinists and pianists, respectively (mean 6 SEM). PCs obtained from violinists led to better reconstruction of violin-playing movements (***p < 0.001), whereas pianists' TMS-PC4 performed better in reconstruction of piano playing (*p = 0.044).
